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The guinea pig sperm protein fertilin (previously termed PH-30) plays an important role in sperm±egg fusion, and was the
®rst recognized membrane-anchored metalloprotease/disintegrin protein. Fertilin is a heterodimeric glycoprotein which
undergoes at least two distinct proteolytic processing steps. Fertilin a is processed ®rst, in the testis, whereas fertilin b is
processed separately during sperm maturation in the epididymis. The ®nal processing of fertilin b occurs immediately
adjacent to its predicted integrin ligand domain, and exposes an epitope recognized by a fusion blocking monoclonal
antibody. Here, we demonstrate that one or more serine protease activities associated with testicular sperm can process
fertilin b in vitro in a fashion that closely mimics the processing pattern observed in vivo during epididymal sperm
maturation. In contrast, several proteases that were added to testicular sperm did not mimic the pattern observed in vivo.
These ®ndings raise the intriguing possibility that a fertilin b converting protease(s) active in vivo may originate from
sperm, instead of from the epididymal epithelium. Further, we show that fertilin a is most likely processed intracellularly
in the secretory pathway based on three observations: (i) only processed fertilin a, but not the precursor pro-a can be cell-
surface biotinylated; (ii) some processed fertilin a is sensitive to endoglycosidase H, suggesting cleavage occurs prior to
the medial Golgi apparatus; (iii) a reanalysis of the N-terminus of processed fertilin a showed that the proteolytic cleavage
site is next to four arginine residues, a consensus sequence for intracellular subtilysin type pro-protein convertases. The
N-terminal sequence analysis further showed that processed fertilin a contains an intact membrane anchored disintegrin
domain, and not a truncated disintegrin domain as reported previously (Blobel, C. P., Wolfsberg, T. G., Turck, C. W., Myles,
D. G., Primakoff, P., and White, J. M., Nature 356, 248±252, 1992). Proteolytic processing is thought to play an important
role in regulating the function of fertilin, and the present study represents a ®rst step toward a better understanding of
protease activities involved in the maturation of fertilin, and potentially other sperm surface proteins. q 1997 Academic Press
INTRODUCTION interactions, such as cell adhesion, cell surface proteolysis,
and perhaps signaling.
MDC proteins (metalloprotease/disintegrin/cysteine-rich The ®rst recognized members of the MDC protein family
proteins, also referred to as ADAMs) are a family of cellular were the a and b subunit of the heterodimeric sperm protein
proteins with sequence homology to snake venom integrin fertilin (Blobel et al., 1990, 1992; Primakoff et al., 1987).
ligands and metalloproteases (Blobel and White, 1992; During biosynthesis in the testis, the a and b subunits of
Weskamp and Blobel, 1994; Wolfsberg and White, 1996). fertilin assemble into a noncovalently bound protein com-
Therefore, MDC proteins are predicted to function as inte- plex, which is processed in at least two steps. Fertilin a
grin ligands and/or metalloproteases with a role in cell±cell processing is completed in the testis, whereas fertilin b pro-
cessing begins in the epididymis, and appears to be com-
pleted when sperm reach the distal cauda epididymis (Blobel1 To whom correspondence should be addressed at Cellular Bio-
et al., 1990). Fertilin has been implicated in sperm±eggchemistry and Biophysics Program, Sloan±Kettering Institute, Me-
membrane binding and fusion for several reasons. Of twomorial Sloan±Kettering Cancer Center, Box 368, 1275 York Ave.,
monoclonal antibodies against fertilin, one inhibits sperm±New York, NY, 10021. Fax: 212-717-3047. E-mail: c-blobel@ski.
mskcc.org. egg fusion, whereas a second does not (Primakoff et al.,
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1987). Further, peptides corresponding to the predicted inte- mechanism of fertilin b processing were obtained through
an in vitro assay, in which processing of fertilin b can begrin binding domain of fertilin inhibit sperm±egg fusion in
guinea pigs (Myles et al., 1994) and mice (Almeida et al., mimicked by testicular sperm proteases, without contact
with the epididymis. The inhibition pro®le of fertilin b pro-1995; Evans et al., 1995), and it has been reported that an
a6b1 integrin on mouse eggs acts as a receptor for sperm cessing in vitro by different protease inhibitors indicates
the involvement of one or more serine protease activities(Almeida et al., 1995). Other MDC proteins have been im-
plicated in diverse biological processes such as neurogen- in this process. These results are discussed in the context of
the functional implications of fertilin processing for sperm±esis, lateral inhibition, and neurite outgrowth in Drosophila
(Fambrough et al., 1996; Rooke et al., 1996), in muscle cell egg binding and fusion, and the implications for other
sperm±surface proteins and MDC proteins.fusion (Yagami-Hiromasa et al., 1995), and in the release of
the membrane-anchored cytokine TNFa (Black et al., 1997;
Moss et al., 1997).
Both subunits of fertilin contain protein domains in an MATERIALS AND METHODS
order that is conserved among almost all presently known
MDC proteins: a signal sequence is followed by a pro-do- Preparation of Gametes
main, a metalloprotease domain, a disintegrin domain, a
Distal corpus epididymal sperm, which correspond to spermcysteine-rich region, an EGF repeat, a transmembrane do-
taken from region IV of the guinea pig epididymis (Hoffer andmain, and a short cytoplasmic tail (Blobel et al., 1992;
Greenberg, 1978), were collected from male Hartley guinea pigs
Wolfsberg et al., 1993; Wolfsberg and White, 1996). The (retired breeders) as described in Phelps and Myles (1987). Testicu-
metalloprotease domains of MDC proteins can be divided lar cells and testicular sperm were collected from the testis and
into two types, those containing the consensus zinc binding separated on a 52% isotonic Percoll gradient (Sigma Chemical Co.)
catalytic site HEXXH, and those lacking this sequence (Wol- in Mg2/±Hepes buffer (0.14 mM NaCl, 4 mM KCl, 4 mM Hepes,
pH 7.4, 10 mM glucose, 2 mM MgCl2) by centrifugation for 10fsberg and White, 1996). Metalloprotease domains con-
min at 27,000g at 107C. After removal from the gradient, isolatedtaining the active site sequence most likely have metallo-
gametes were washed twice in Mg2/±Hepes buffer and subse-protease activity, since related snake venom metallopro-
quently frozen and stored in liquid nitrogen.teases (Fox and Bjarnason, 1995; Takeya et al., 1990), and
the MDC proteins MADM-1 and TNFa convertase (TACE)
have been shown to have protease activity (Basbaum and Sample Preparation and Western Blot Analysis
Werb, 1996; Black et al., 1997; Howard and Glynn, 1995;
About 106 testicular or epididymal sperm cells were lysed in 100Howard et al., 1996; Moss et al., 1997). The function of
ml of cell lysis buffer (1% NP-40 in PBS, pH 7.4) for 15 min onMDC metalloprotease domains lacking the HEXXH se-
ice, and the lysate was spun at 13,000 rpm in a tabletop Sorvallquence, such as that of fertilin b, is less apparent. In the case
microcentrifuge for 15 min at 47C. Protease inhibitors (Sigmaof fertilin b, removal of the noncatalytic metalloprotease
Chemical Co.) were added to the cell lysis buffer just before use atdomain via a cleavage at the N-terminus of the disintegrin
the following ®nal concentrations: 1 mM PMSF, 2 mg/ml leupeptin,
domain correlates with the acquisition of fertilization com- 2 mg/ml aprotinin, 10 mg/ml antipain, 50 mg/ml benzamidine, 1 mg/
petence (Blobel et al., 1990, 1992). This removal also leads ml soybean trypsin inhibitor, 10 mg/ml iodoacetamide. The super-
to the exposure of an epitope recognized by the fusion- natant of the sperm lysate was then mixed with an equal volume
blocking monoclonal antibody PH-30, and thus presumably of 21 Laemmli sample buffer, and heated to 957C for 5 min. Since
uncovers a functionally important domain (Blobel et al., the polyclonal fertilin antiserum reacts well with fertilin a and b
in nonreduced samples (Blobel et al., 1990), but only poorly with1990). One role of a noncatalytic metalloprotease domain
reduced samples (data not shown), the samples were not reducedmay then be to regulate the exposure of a binding site, a
prior to electrophoresis. The samples were separated by SDS±PAGEconcept which has also been implicated in the regulation
(Laemmli, 1970) on 10% resolving and 5% stacking gels and trans-of other integrin ligands (Haas and Plow, 1994). In addition,
ferred to nitrocellulose (Schleicher & Schuell, Inc. Keene, NH) us-proteolytic processing may be required for a relocalization
ing a semidry transfer apparatus (E&K, Saratoga, CA), and the nitro-
of fertilin from the whole sperm head on testicular sperm cellulose sheets were blocked with 5% dry milk reconstituted in
to the posterior sperm head on mature sperm (Phelps et al., distilled water. The blots were incubated with a fertilin polyclonal
1990). Taken together, these ®ndings suggest that proteo- antiserum and bound primary antibody was visualized using horse-
lytic removal of the precursor domain of fertilin b plays a radish peroxidase-conjugated secondary antibodies (Promega Bio-
critical role in regulating the function of this protein. tech), a chemiluminescent detection system (ECL, Amersham, Ar-
lington Heights, IL) and Kodak XAR autoradiography ®lm (NewHere, we provide evidence for at least two distinct proteo-
Haven, CT).lytic activities with a role in processing fertilin. The ®rst
is involved in processing fertilin a in the testis, and the
second may cleave fertilin b during sperm maturation in
In Vitro Fertilin b Conversion Assay and Proteasethe epididymis. The protease responsible for the cleavage
Inhibitor Studiesof fertilin a, which leads to removal of its metalloprotease
domain, apparently belongs to the subtilysin family of intra- Washed testicular sperm, isolated and frozen as described above,
were resuspended at a concentration of 1 1 106 cells/ml in PBS,cellular pro-protein convertases. Insights into a potential
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pH 7.4, and incubated at 377C for 12 hr, with or without addition of Generation of Fertilin a-Speci®c Antibody
protease inhibitors (see below). To generate a time course of the
fertilin b band pattern during in vitro proteolysis, resuspended tes- Fertilin was af®nity-puri®ed as outlined above, and the nonre-
ticular sperm were incubated in PBS without protease inhibitors duced puri®ed material was separated into the a and b subunit by
for the indicated amounts of time and subsequently pelleted and SDS±PAGE. The gel was stained with Coomassie brilliant blue in
lysed in the presence of protease inhibitors. All protease inhibitors 20% acetic acid, 20% methanol, for 15 min, destained in ddH2O
were obtained from Sigma, with the exception of antipain, leupep- for 1 hr, and the fertilin a and b bands were excised. The fertilin
tin, and pepstatin A, which were purchased from Boehringer-Mann- a-containing gel slice was crushed into small pieces between two
heim. The ®nal concentrations of protease inhibitors used corre- sheets of para®lm, resuspended in PBS, and passed through a 26-
spond to or exceed the highest concentration suggested in reference gauge needle several times to prepare a gel suspension suitable for
(Beynon and Bond, 1989; see also Pandiella et al., 1992), and were subcutaneous injection into a female New Zealand white rabbit.
as follows: 3,4-dichloroisocoumarin (3,4-DCI), 100 mM; a-1-anti- The equivalent of 5 mg of protein was injected on Day 1 of the
trypsin, 2 mM; elastinal, 100 mM; aprotinin, 100 mM, 250 mM, and 2 immunization schedule, followed by boosts prepared identically
mM; chymostatin, 100 mM; tosylphenylalanylchloromethyl ketone every 4 weeks for 4 months.
(TPCK), 100 mM; leupeptin, 100 mM and 5 mM; 4-(amidinophenyl)-
methanesulfonyl ¯uoride (APMSF), 100 mM and 5 mM; antipain,
100 mM, 250 mM, and 5 mM; benzamidine, 10 mM; soybean trypsin
inhibitor (STI), 12 mM; p-nitrophenyl-p*-guanidinobenzoate, 100
Biotinylation and ImmunoprecipitationmM; phosphoramidon, 50 mM; 1,10-phenanthroline, 10 mM; EDTA,
of Fertilin a10 mM; EGTA, 10 mM; L-trans-epoxysuccinylleucylamide-(4-gua-
nidino)-butane (E-64), 100 mM; iodoacetamide, 10 mM; and pep-
For cell surface biotinylation, testicular cells were freshly iso-statin, 100 mM. As a control, testicular sperm were incubated on
lated on a Percoll gradient as described above, and approximatelyice for 12 hr to prevent the endogenous protease activity.
1 1 108 cells were incubated at 47C for 45 min with a 1 mM
solution of the non-membrane-permeable biotinylation reagent
NHS±LC±biotin (Pierce) in PBS, pH 7.4. Cells were then washed,
Proteolytic Treatment of Testicular Sperm blocked in 50 mM glycine in TBS, and subsequently lysed in cell
lysis buffer (1% NP-40 in PBS, pH 7.4, containing the proteaseTesticular sperm were resuspended at a concentration of 1 1 106
inhibitor cocktail described above). For biotinylation of total cellcells/100 ml in PBS, pH 7.4, and incubated either with or without
lysate, testicular cells were lysed ®rst in cell lysis buffer, andproteases at 07C for 30 min. The concentration of added proteases
subsequently incubated in a 1 mM solution of NHS±LC±biotinwas empirically determined for each protease to result in a partial
for 45 min, and ®nally blocked with 50 mM glycine in TBS. Theproteolytic digest of fertilin b under conditions where the endogenous
fertilin a and b precursors form a relatively tight heterodimericprotease activity was not active, i.e., after 30 min at 07C. All proteases
complex which can only be dissociated by heating in0.5% SDSwere purchased from Sigma and used at the following ®nal concentra-
(Blobel et al., 1990). Therefore, in order to allow the a subunit totions in Fig. 2C: trypsin, 40 mg/ml; endoproteinase Glu-C (V-8), 0.1
be immunoprecipitated without the bound b subunit, the fertilinmg/ml; chymotrypsin, 0.2 mg/ml; plasmin, 0.3 mg/ml; elastase, 40
complex was dissociated by adding SDS to the lysed samples atmg/ml; proteinase K, 0.2 mg/ml; papain, 6 U/ml; collagenase, 4 mg/
a ®nal concentration of 1.25% and heating the samples to 957Cml; bromelain, 25 mg/ml; and thermolysin, 4 mg/ml.
for 4 min. The samples were then diluted 50-fold in lysis buffer
to a ®nal SDS concentration of 0.025%, which is low enough to
allow immunoprecipitation. It should also be pointed out that
Puri®cation and N-Terminal Protein Sequence there is no evidence that the fertilin a/b complex can reassociate
Analysis of Fertilin a once it has been separated by treatment in SDS. After spinning
at 13,000 rpm in a tabletop Sorvall microcentrifuge for 10 min,
Fertilin was af®nity-puri®ed from a lysate of distal cauda epididy- the samples were immunoprecipitated with the rabbit antiserum
mal sperm using the monoclonal PH-30 antibody (Primakoff et al., raised against puri®ed fertilin a (see above) or a control preim-
1987), essentially as described previously (Blobel and White, 1992; mune serum from the same rabbit. The lysate from the equiva-
Primakoff et al., 1987). However, in this study the procedure was lent of 4 1 106 cells was used for each immunoprecipitation.
modi®ed in that the af®nity-puri®ed material was directly blotted The immunoprecipitated material was separated by SDS±PAGE,
onto a PVDF membrane (ProBlott, Applied Biosystems) after separa- transferred to nitrocellulose, probed with horseradish peroxi-
tion on a 10% SDS±polyacrylamide gel to determine the N-termi- dase-labeled streptavidin, and detected using a chemilumines-
nus of fertilin a. In a previous study, fertilin a had been subjected
cent detection system (see above, under Western blot analysis).
to an additional gel elution and a reverse-phase HPLC puri®cation
step (Blobel and White, 1992). The band corresponding to fertilin
a was excised and processed for internal amino acid analysis by Drs.
H. Erdjument-Bromage and P. Tempst (Sloan±Kettering Institute
Deglycosilation of Fertilin with Endoglycosidase HMicrochemistry Core Facility), as described (Tempst et al., 1990).
The N-terminal sequence of fertilin a was determined using an
Extracts from testicular cells, isolated as described above, wereApplied Biosystems 477A sequenator, with instrument and proce-
incubated at 377C overnight in SDS sample loading buffer, adjusteddure optimized for femtomole level analysis as described (Erdju-
to pH 5.5 with sodium citrate, in the presence or absence of 2000ment-Bromage et al., 1993). N-terminal amino acid sequence infor-
NEB units of endoglycosidase H (New England Biolabs). The sam-mation for fertilin a was: AATxGDGVVEESEQ, where x represents
a position for which no amino acid residue could be determined. ples were not reduced prior to electrophoresis.
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1), or without protease inhibitors for 12 hr on ice (Fig. 1B,
lane 1), no processing is seen.
The observation that fertilin b is cleaved in a testicular
sperm extract in vitro was investigated in more detail to
determine whether the fertilin b processing pattern
might yield some information about the proteases in-
volved in processing fertilin b in vivo. In the experiments
described below, isolated testicular sperm were ®rst in-
cubated under different conditions as described and sub-
sequently pelleted, lysed in 1% NP-40 with protease in-
hibitors, and subjected to Western blot analysis with a
polyclonal fertilin antiserum. This antiserum recognizes
both the a and b subunit of fertilin (Blobel et al., 1990).
Figure 1A shows a Western blot of guinea pig testicular
sperm (lane 1), distal corpus epididymal sperm (lane 2),
and distal cauda epididymal sperm (lane 3), which repre-
sent three stages of fertilin processing in vivo (Blobel
et al., 1990; Phelps et al., 1990). Figure 1B shows the
processing of fertilin observed in resuspended testicular
sperm in vitro. The testicular sperm sample in Fig. 1A,
lane 1, was incubated in the presence of protease inhibi-
tors to prevent proteolysis. In this sample, fertilin pro-bFIG. 1. In vivo and in vitro processing of fertilin. Western blot
is visible as a band of Mr 88 kDa, as is a small amountanalysis of extracts of sperm from different developmental stages
(5±10 1 105 sperm per lane), boiled in sample loading buffer with- of the intermediate processing product pro-b* with a Mr
out reducing reagents prior to electrophoresis, and probed with a of 75 kDa. Fertilin a, which is processed in the testis
polyclonal antiserum which reacts with the a and b subunit of prior to the testicular sperm stage (Blobel et al., 1990),
fertilin. (A) Extracts from three stages of sperm maturation: Lane has an apparent Mr of 48 kDa. In the distal corpus epididy-
1, testicular sperm (incubated in PBS and protease inhibitors for 12 mal sperm sample shown in lane 2, a residual amount of
hr at 377C and then lysed in 1% NP-40 with protease inhibitors,
pro-b and a prominent pro-b* band are visible, in additionsee Materials and Methods); lane 2, distal corpus epididymal sperm;
to the mature fertilin a band, and some mature b with alane 3, distal cauda epididymal sperm (samples in lanes 2 and 3
Mr of 28 kDa. In sperm isolated from the distal caudawere isolated at 47C and lysed immediately in 1% NP-40 with
protease inhibitors). (B) Extracts from testicular sperm incubated epididymis (Fig. 1A, lane 3), fertilin b has been com-
in the absence of protease inhibitors on ice (lane 1), or for 12 hr at pletely converted to the mature b of 25±28 kDa, whereas
377C (lane 2). the apparent Mr of fertilin a remains unchanged (Blobel
et al., 1990; Phelps et al., 1990). Both epididymal sperm
samples were isolated in the presence of protease inhibi-
tors to prevent proteolysis.
RESULTS Figure 1B shows a Western blot of testicular sperm sam-
ples that were incubated without protease inhibitors prior
to lysis for 30 min on ice (lane 1) or at 377C (lane 2). InProcessing of Fertilin b in Vitro by Testicular
vitro incubated testicular sperm show two products fromSperm Proteases Mimics Fertilin b Processing in
proteolytic cleavages of fertilin pro-b: a prominent 75 kDathe Epididymis
pro-b* band, and also a weaker 28-kDa mature fertilin b
band. Both bands closely resemble the fertilin b formsFertilin is a heterodimeric complex of two MDC proteins
observed in the distal corpus epididymal stage of fertilin(metalloprotease/disintegrin/cysteine-rich proteins), a and
processing in vivo (Fig. 1A, lane 2). These results raiseb, which are both made as precursors in the testis, and are
the possibility that the proteases acting on fertilin b onthen processed during sperm maturation. Fertilin pro-a is
testicular sperm in vitro may be similar or identical tocleaved ®rst, in the testis, whereas fertilin pro-b is processed
those responsible for fertilin b cleavage in vivo whilelater, during the epididymal passage (Blobel et al., 1990;
sperm are in transit to the distal corpus epididymis (Fig.Phelps et al., 1990). The ®rst part of this study was
1A, lane 2). The immunoblot analysis of extracts from inprompted by the observation that fertilin pro-b is proteolyti-
vitro processing showed no proteolysis of fertilin a (48cally processed when washed and frozen testicular sperm
are resuspended in PBS and incubated for 12 hr at 377C (Fig. kDa), which is consistent with the observation that fer-
tilin a does not undergo processing in the epididymis in1B, lane 2, described in more detail below). When an identi-
vivo. Complete processing of pro-b on testicular spermcally prepared testicular sperm sample is incubated in the
presence of protease inhibitors for 12 hr at 377C (Fig. 1A, lane to the mature b form of fertilin (25±28 kDa) that is found
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FIG. 2. Partial proteolytic digests of fertilin b on testicular sperm. Western blots of testicular sperm (5±10 1 105 sperm per lane) incubated
with or without added proteases, probed with the fertilin a/b antiserum. (A) Time course of fertilin b conversion in vitro: Testicular
sperm were incubated at room temperature for different lengths of time, followed by lysis in the presence of protease inhibitors. (B)
Incubation of testicular sperm on ice with increasing concentrations of trypsin, followed by lysis in the presence of protease inhibitors.
(C) Lanes 3±11 show the processing of fertilin resulting, seen after incubating testicular sperm with different commercially available
proteases on ice (which completely inhibits the endogenous proteases). The appropriate concentration of added proteases that results in
partial proteolysis of fertilin b was determined in a similar fashion as shown for trypsin in B. As a control, testicular sperm were incubated
for 12 hr at 07C (lane 1), or at 377C (lane 2), without added proteases or protease inhibitors. The protease concentrations used here were 40
mg/ml trypsin (lane 3), 100 mg/ml V8 (lane 4), 200 mg/ml chymotrypsin (lane 5), 300 mg/ml plasmin (lane 6), 40 mg/ml elastase (lane 7),
200 mg/ml proteinase K (lane 8), 4 mg/ml collagenase (lane 9), 6 U/ml papain (lane 10), 25 mg/ml bromelain (lane 11), and 4 mg/ml thermolysin
(lane 12).
on distal cauda epididymal sperm (Blobel et al., 1990; bling mature b appears after 10 min. No further processing
is observed after 30 min. Even at the early stages of in vitroPhelps et al., 1990) was not observed in the in vitro assay,
even after extended incubation of up to 12 hr (data not fertilin conversion, the 75-kDa pro-b* is the only intermedi-
ate species observed, and no additional bands in addition toshown).
To check for any early intermediate products of fertilin mature b appear, even after longer in vitro incubations. The
processing pattern of fertilin pro-b in vitro thus resemblesb processing in vitro that may be different from those ob-
served in vivo, testicular sperm were incubated at room the in vivo situation in that no fertilin b bands are seen in
vitro that are not also present in vivo in the caput or corpustemperature (Fig. 2A) or at 377C (data not shown) for shorter
periods of time. At room temperature, the fertilin pro-b* epididymis (Blobel et al., 1990; G. Hunnicutt, personal com-
munication).band becomes visible after 1 min, whereas the band resem-
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Fertilin b Processing in the Epididymis Is Not ties which convert fertilin b on testicular sperm in vitro at
377C are indeed similar in speci®city to those functioningMimicked by Proteolytic Digest with Known
Proteases in vivo.
The fertilin b processing pattern in the in vitro assay
Serine Protease Inhibitors Selectively Blockdescribed above raises the question whether this assay may
Different Proteolytic Steps of in Vitro Fertilinbe useful in characterizing and identifying a protease or
Processingproteases that might process fertilin b in vivo. An alterna-
tive interpretation would be that fertilin b is processed in A further characterization of the proteolytic activity re-
a similar manner by most or all proteases, in which case sponsible for the processing of fertilin in vitro was under-
the assay would not be informative. To address this ques- taken by testing the ability of commercially available prote-
tion, we incubated isolated testicular sperm with several ase inhibitors to block this processing. Representative ex-
different commercially available proteases on ice, which periments are shown in Figs. 3A and 3B, and the inhibitory
effectively inhibits the endogenous proteases (see above, potential of all tested protease inhibitors, and the concentra-
Fig. 1B, lane 1). Since complete digest of fertilin pro-b with tions tested, is summarized in Table 1. Of the inhibitors
several added proteases results in bands that resemble ma- tested, one general serine protease inhibitor and six trypsin
ture fertilin b (Blobel et al., 1990), relatively low protease inhibitors blocked formation of mature b fertilin. However,
concentrations were used here to yield only partial proteo- inhibitors of chymotrypsin, Zn2/-dependent metallopro-
lytic digests. This way, intermediate cleavage products of teases (1,10-phenanthroline), cysteine±proteases, aspartic
fertilin b can be detected, which provides more information proteases, and three other general serine proteases failed to
about the substrate speci®city of a given protease. Figure block conversion of fertilin b in vitro (see Table 1 and Fig.
2B shows an example of an experiment that was performed 3A, lanes 6±12). The partial inhibition by both EGTA and
to empirically determine the trypsin concentrations which EDTA, but not by 1,10-phenanthroline, might indicate that
result in a partial digest of fertilin b on ice after 30 min. the fertilin b-converting activity requires Ca2/ to remain
Increasing trypsin concentrations led to an increase in pro- in an active conformation, or that the accessibility of the
cessing of fertilin b, and the highest concentration resulted cleavage site on fertilin b is somewhat Ca2/ dependent.
in a complete conversion of fertilin b, as previously de- For the serine protease inhibitors leupeptin, APMSF, anti-
scribed (Blobel et al., 1990). In this context it should be pain, and aprotinin we tested how a low and high concentra-
noted that mature fertilin a and b are highly resistant to tion affected the relative ability to inhibit processing of
proteolysis, so that treatment of testicular sperm with high fertilin pro-b to pro-b* (de®ned as step A) or pro-b* to ma-
protease concentrations can result in a band pattern which ture b (de®ned as step B). At a 0.1 mM concentration, leu-
resembles that seen on distal cauda epididymal sperm, de- peptin, antipain, and aprotinin blocked step B clearly,
pending on the protease (Blobel et al., 1990). whereas APMSF did not (Fig. 3B, lanes 3±6). When used at
The best conditions for a partial digest of fertilin b on higher concentrations (Fig. 3B, lanes 7±10), leupeptin (5
testicular sperm were established for other proteases in a mM ), antipain (5 mM ), and aprotinin (2 mM ) inhibited step
similar fashion as shown for trypsin in Fig. 2B. Figure 2C B completely, but also partially blocked step A, whereas
shows a comparison of partial digests with the serine prote- APMSF (5 mM ) and p-nitrophenyl-p*-guanidinobenzoate (1
ases trypsin, V8 (endoproteinase-Glu-C), chymotrypsin, mM; Fig. 3A, lane 3) were able to completely block steps A
plasmin, elastase, and proteinase K, the cysteine proteases and B. At the concentrations used here, benzamidine and
papain and bromelain, and the metalloproteases collagenase soy bean trypsin inhibitor (STI) also blocked step B, but
and thermolysin. In contrast to the proteolytic digestion allowed step A to proceed (see Table 1). These observations
pattern observed during in vitro incubation of testicular indicate that at least one, but possibly two or more trypsin-
sperm at 377C for 12 hr (Figs. 1B and 2, lanes 1 and 2), none like serine protease activities are involved in fertilin b pro-
of the tested proteases mimicked the processing pattern of cessing in vitro.
fertilin observed in vivo (Fig. 2C, lanes 3±12). Trypsin was
the only protease able to generate fragments with an appar-
Intracellular Processing of Fertilin a at aent molecular weight of 75 and 28 kDa, but it also produced
Subtilysin-Type Pro-Protein Convertasefragments of about 40 and 60 kDa that are not observed in
Consensus Sequencevivo (Fig. 2C, lane 3). Although several proteases gave rise
to a band comigrating with pro-b*, in all cases additional The protein sequence of fertilin a (Wolfsberg et al.,
bands were found that are not present in vivo. Since none 1993) predicts that it is processed in the secretory path-
of the proteases that were added to sperm could reproduce way by a subtilysin-type pro-protein convertase (Chretien
fertilin b processing, these observations argue against a sce- et al., 1995; Fuller et al., 1989; Seidah et al., 1992), since
nario where cleavage sites resulting in pro-b* and mature a four arginine cleavage site for pro-protein convertases
b are easily accessible, such that most or all proteases would is found at the boundary between the metalloprotease and
given rise to a similar processing pattern. Instead, these disintegrin domain. Because fertilin pro-a migrates only
slightly slower than pro-b on SDS±gels, which makes itresults lend support to the idea that the proteolytic activi-
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FIG. 3. Effect of different protease inhibitors on processing of fertilin pro-b in vitro. Western blots of testicular sperm (5±10 1 105 sperm
per lane) were incubated in the absence of protease inhibitors for 12 hr on ice (A and B, lane 1) or for
1
2 hr at 377C (A and B, lane 2), or in
the presence of protease inhibitors for 12 hr at 377C (A, lanes 3±12; B, lane 3±10). The concentration of all protease inhibitors used was
chosen following recommendations in Beynon and Bond (1989) and are shown in Table 1. The protease inhibitors shown in A were used
at the following concentrations: 0.1 mM p-nitrophenyl-p*-guanidinobenzoate (p-NP-p*GB, lane 3), 10 mM benzamidine (lane 4), 12 mM
soybean trypsin inhibitor (STI, lane 5), 0.1 mM 3,4 DCI (lane 6), 10 mM iodoacetamide (IAA, lane 7), 10 mM EGTA (lane 8), 50 mM
phosphoramidon (lane 9), 0.1 mM TPCK (lane 10), and 0.1 mM pepstatin (lane 11). In B, lanes 3±10 demonstrate the effect of certain
serine protease inhibitors at low concentrations (0.1 mM, lanes 3±6) or high concentrations (2 or 5 mM, as indicated, lanes 7±10) on the
conversion of fertilin b during a 12-hr incubation at 377C in vitro. The following serine protease inhibitors were used: leupeptin (lanes 3
and 7), APMSF (lanes 4 and 8), antipain (lanes 5 and 9), and aprotinin (lanes 6 and 10).
dif®cult to detect with the polyclonal fertilin a/b antise- contrast to the anti-fertilin a/b antiserum, which binds
to both the a and b subunit (Fig. 4A, lanes 1 and 2). Torum, a new antiserum was raised against mature fertilin a
(see Materials and Methods). A Western blot of testicular test whether fertilin a might indeed be processed intracel-
lularly, fertilin a was immunoprecipitated (see Materialssperm and distal cauda epididymal sperm stained with
the fertilin a antiserum demonstrates the speci®city of and Methods for details) from an extract of cell surface
biotinylated testicular cells, or alternatively from an oth-this antiserum for fertilin a (Fig. 4A, lanes 3 and 4), in
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TABLE 1
Effect of Various Protease Inhibitors on in Vitro Proteolytic Processing of Fertilin pro-b
Inhibition of
step
Agent Speci®city A B Concn tested
3,4-DCI Serine proteases 0 0 0.1 mM
a-1-Antitrypsin Serine proteases 0 0 2.0 mM
Elastinal Serine proteases 0 0 0.1 mM
Aprotinin Serine proteases 0 / 0.1 mM
0 / 0.25 mM
/ / 2.0 mM
Chymostatin Chymotrypsin, some cysteine proteases 0 0 0.1 mM
TPCK Chymotrypsin 0 0 0.1 mM
Leupeptin Trypsin, some cysteine proteases 0 / 0.1 mM
/ / 5.0 mM
APMSF Trypsin 0 0 0.1 mM
/ / 5.0 mM
Antipain Trypsin, some cysteine proteases 0 / 0.1 mM
0 / 0.25 mM
/ / 5.0 mM
Benzamidine Trypsin 0 / 10.0 mM
Soybean trypsin inhibitor Trypsin, other serine proteases 0 / 12 mM
/ / 0.2 mM
p-Nitrophenyl-p *-guanidinobenzoate Trypsin / / 0.1 mM
Phosphoramidon Metalloproteases 0 0 0.05 mM
1, 10-Phenanthroline Metalloproteases 0 0 10.0 mM
EDTA Metalloproteases 0 p 10.0 mM
EGTA 0 p 10.0 mM
E-64 Cysteine proteases 0 0 0.1 mM
Iodoacetamide Cysteine proteases 0 0 10.0 mM
Pepstatin Aspartate proteases 0 0 0.1 mM
Note. The effect of protease inhibitors on in vitro processing of fertilin b was assessed using the assay shown in Fig. 3. The table lists
all tested protease inhibitors, the concentration(s) tested, and their ability to inhibit the processing from pro-b to pro-b* (step A), and/or
the further processing to mature b (step B). 0, no inhibition; /, inhibition; p, partial inhibition.
erwise identical extract that was biotinylated after lysis only removes N-linked carbohydrate residues from glyco-
proteins that have not passed the medial Golgi compart-in NP-40, which allows labeling of both intracellular and
extracellular proteins. The immunoprecipitated material ment, but not from glycoproteins that have passed that
stage of the secretory pathway (Rothman and Orci, 1990).was run on SDS±PAGE, blotted onto nitrocellulose, and
detected with HRP-labeled streptavidin (see Materials Figure 4C, lane 1, shows a Western blot of a mock-digested
testicular cell extract probed with the fertilin a/b poly-and Methods). When fertilin a was immunoprecipitated
from cells that were biotinylated after lysis, both fertilin clonal antiserum, which binds to the pro-a band (110 kDa),
the pro-b band (88 kDa), and a mature a band (48 kDa). Inpro-a (105 kDa) and processed fertilin a (48 kDa) were
found to be labeled (Fig. 4B, lane 2). In contrast, when a Western blot of an identical testicular cell sample probed
with the fertilin a antiserum (Fig. 4C, lane 3), the predomi-fertilin a was immunoprecipitated from surface-labeled
cells, only the mature fertilin a subunit with a Mr of 48 nant bands are pro-a and processed a, although a relatively
weak band below pro-a is visible which may represent akDa was found to be labeled (Fig. 4B, lane 3), suggesting
that fertilin pro-a is processed inside the cell, before it small amount of a unglycosilated or of partially processed
fertilin pro-a. In endo H-treated testicular cells, the fertilinappears at the cell surface. The control preimmune serum
does not immunoprecipitate fertilin pro-a or fertilin a a/b antiserum recognizes what appear to be faster migrating
pro-b and pro-a bands, and also a small but clearly detect-from extracts of cells that were biotinylated after cell
lysis (Fig. 4B, lane 1) or from extracts of surface biotinyl- able amount of a faster migrating mature fertilin a band
(Fig. 4C, lane 3, see asterisk). An identical sample probedated cells (Fig. 4B, lane 4).
To further corroborate this ®nding, an extract of testicular with the anti-fertilin a antiserum shows that pro-a can be
completely converted to a faster migrating form by endo H,cells was treated with endoglycosidase H (endo H), which
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8609 / 6x27$$$143 10-07-97 10:27:40 dba
139Protease Activity in Sperm Protein Fertilin Processing
FIG. 4. Cell surface labeling and endoglycosidase H digestion of fertilin a. (A) Comparison of Western blots of testicular sperm (lanes 1
and 3; 5±10 1 105 sperm per lane) or distal cauda epididymal sperm (lanes 2 and 4; 5±10 1 105 sperm per lane) probed with the fertilin
a/b antiserum (lanes 1 and 2), or an antiserum against fertilin a (lanes 3 and 4). The fertilin a/b antiserum recognizes both fertilin subunits
on testicular sperm and distal cauda epididymal sperm, whereas the fertilin a antiserum only reacts with fertilin a, but not with fertilin
b. (B) Fertilin pro-a and mature a can be labeled in an extract of lysed testicular cells, but only mature fertilin a is labeled by cell surface
biotinylation. Testicular cells were isolated on a Percoll gradient, and either lysed in 1% NP-40, followed by biotinylation, or cell surface
biotinylated with the non-membrane-permeable biotinylation reagent NHS±LC biotin prior to lysis in 1% NP-40. Samples run in lanes
2 and 3 were immunoprecipitated with the fertilin a-speci®c antiserum, whereas samples run in lanes 1 and 4 were immunoprecipitated
with preimmune serum. All immunoprecipitated material was separated by SDS±PAGE, transferred to nitrocellulose, and detected using
streptavidin±HRP and the ECL chemoluminescence detection system (see Materials and Methods for details). (C) Deglycosilation of
fertilin on testicular cells with endoglycosidase H. Lysates of testicular cells were mock digested (lanes 1 and 3) or treated overnight with
endoglycosidase H (lanes 2 and 4, as described under Materials and Methods). Lanes 1 and 2 were probed with the fertilin a/b antiserum,
whereas lanes 3 and 4 were probed with the fertilin a antiserum. An asterisk marks the position of deglycosilated fertilin a, which can
best be seen in the sample probed with the fertilin a/b antiserum (lane 2). (D) Position of the N-terminus of mature fertilin a. Fertilin a
was af®nity-puri®ed using the monoclonal antibody PH-30 as described (Blobel et al., 1992; Primakoff et al., 1987). Puri®ed material was
separated by SDS±PAGE and blotted onto a PVDF membrane to determine the N-terminal sequence of fertilin a. The 14 amino acid
residues thus identi®ed (shown as underlined protein sequence after the arrow indicating the position of fertilin a cleavage) place the N-
terminus of fertilin a on mature sperm next to the subtilysin type pro-protein convertase sequence RRRR.
10-07-97 10:27:40 dba
140 Lum and Blobel
suggesting that very little or none of the fertilin a precursor Processing of Fertilin b by Testicular
has passed the medial Golgi apparatus. The majority of pro- Sperm Proteases
cessed fertilin a is endo H resistant, with the exception of
During sperm maturation in vivo, the precursor of fertilina small endo H-sensitive fraction which is barely visible
b (pro-b) is cleaved in two steps to form mature fertilin b.using this antibody, compared to the band in Fig. 3C, lane
The ®rst step is the processing from fertilin pro-b to pro-2. The weak staining of the endo H-deglycosilated fertilin
b*, and the second is the processing from pro-b* to maturea band with the fertilin a antiserum compared to the fertilin
b, which is completed in the distal cauda epididymis (Blobela/b antiserum is most likely explained by the observation
et al., 1990). In the in vitro assay presented here, the bandthat under identical conditions the fertilin a/b antiserum
pattern of processed fertilin b after incubating testicular(see Fig. 4A, lanes 1 and 2) reacts more strongly with the
sperm is indistinguishable by Western blot from that ofmature fertilin a band on testicular or epididymal sperm
fertilin b on distal corpus epididymal sperm. The observa-than the fertilin a antiserum (see Fig. 4A, lanes 3 and 4).
tion that in vitro fertilin b processing by testicular spermThe results described above strongly suggest that fertilin
proteases can mimic in vivo fertilin processing up to thea is processed intracellularly. If cleavage indeed occurs after
distal corpus epididymis stage raises the possibility thatthe four arginine residues, this would result in an intact
sperm-associated proteases may be responsible for certaindisintegrin domain on mature fertilin a. However, in a pre-
aspects of fertilin b processing in vivo.vious study where the N-terminus of mature fertilin a was
Is the cleavage pattern of fertilin b a suitable assay todetermined by Edman degradation, the results suggested
identify candidate fertilin b processing proteases? In princi-that most of the disintegrin domain of fertilin a is removed
ple, the domain organization of fertilin b might only exposein the testis (Blobel et al., 1992). To resolve this issue, we
certain sites for cleavage, such as interdomain boundaries,reanalyzed the N-terminus of the processed fertilin a on
which would result in a similar cleavage pattern regardlessmature sperm. Fertilin was puri®ed from mature distal
of the protease used. Alternatively, the cleavage patterncauda epididymal sperm by af®nity chromatography as de-
may re¯ect the substrate speci®city of a given protease, andscribed previously (Blobel et al., 1992; Primakoff et al.,
therefore provide information about the type of protease(s)1987), and the a and b subunit were separated by SDS±
involved. This was tested through limited proteolysis ofPAGE, and blotted onto a PVDF membrane for N-terminal
fertilin b using a variety of different proteases. In each case,protein sequence determination. This analysis yielded a
a distinct intermediate pattern of fertilin b processing wasprotein sequence of 14 amino acid residues, beginning with
evident. Speci®cally, although some proteases yielded athe alanine residue immediately following the four arginine
band resembling pro-b*, all added proteases gave rise toresidues at position 448 of the fertilin a sequence (Fig. 4D)
additional bands compared to the in vivo maturation pat-(Wolfsberg et al., 1993). Thus, the N-terminus of mature
tern. These results corroborate that an in vitro assay basedfertilin a indeed carries an intact disintegrin domain, which
on the cleavage pattern of fertilin b can in principle be usedis 68 amino acid residues longer than the truncated disinte-
to assess the substrate speci®city of different proteases.grin domain suggested earlier (Blobel et al., 1992). Since
A number of other sperm surface proteins in addition tofertilin a was subjected to more manipulations in the previ-
fertilin undergo speci®c cleavage steps and relocalization inous study, including an electroelution step, and puri®cation
the epididymis (Phelps et al., 1990), including guinea pigby reverse-phase HPLC, the most likely explanation for the
PH20 (Lathrop et al., 1990), its rat ortholog 2B1 (Jones et al.,discrepancy in the fertilin a N-terminus is that an aberrant
1996), the rat posterior sperm tail protein CE9 (Petruszak etcleavage may have been introduced during the additional
al., 1991), and a rat plasma membrane mannosidase (Tulsi-manipulations in the earlier study.
ani et al., 1995). Interestingly, spontaneous processing of
the rat protein 2B1 was also observed in isolated testicular
sperm (Jones et al., 1996), raising the question whetherDISCUSSION
some steps in the processing of other sperm surface proteins
can be mimicked under conditions similar to those de-Fertilin is a heterodimeric sperm protein which plays an
scribed here. Based on the similarity between fertilin b pro-important role in sperm±egg fusion. Both the a and b sub-
cessing in vitro and in vivo, and the observation that pro-units of fertilin are members of the MDC (metalloprotease/
cessing by added proteases is quite different, we concludedisintegrin/cysteine-rich) protein family, which are evolu-
that proteases present on or in testicular sperm are candi-tionarily related to snake venom metalloproteases and inte-
date enzymes for the initial processing steps of fertilin bgrin ligands. The a and the b subunits of fertilin are proteo-
which occur in transit to the distal corpus epididymis. Be-lytically processed at different stages during spermatogene-
cause a complete conversion of fertilin pro-b into maturesis and sperm maturation in the epididymis. In this study
b, as seen in between the distal corpus and the distal caudawe report that proteolytic activities associated with testicu-
epididymis, does not occur in vitro, the proteases that pro-lar sperm are capable of mimicking the processing of fertilin
cess fertilin b may not be optimally activated in vitro. Alter-b in the epididymis, and provide evidence that the cleavage
natively other proteases not present or active in the assayof fertilin a is performed intracellularly, most likely by a
pro-protein convertase of the subtilysin family. may mediate the complete conversion to mature fertilin b.
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Protease inhibitor studies were performed to learn more through transient and reversible membrane fusion pores
similar to those reported in exocytic events (Lindau andabout the types of proteases involved in fertilin b processing
in vitro. The results implicate serine proteases, since in Almers, 1995; Monck and Fernandez, 1996; Neher, 1993),
or perhaps through release of acrosomal contents fromvitro fertilin b conversion can be inhibited by certain serine
protease inhibitors, but not by inhibitors of metallo-, cys- some, but not all sperm. The third possibility is that fertilin-
processing proteases are present on the sperm surface, inteine-, or aspartic proteases. These results also argue against
a role for the metalloprotease domain of fertilin a in pro- which case they must require some form of activation in
the epididymis. In vitro, the cycle of freezing and thawingcessing fertilin b. The involvement of one or more serine
protease activities in fertilin b processing is consistent with might result in the activation of a putative sperm surface
fertilin b convertase through the action of released acroso-the presence of an arginine residue next to the amino termi-
nus of the fertilin b disintegrin domain (Blobel et al., 1992; mal or cytoplasmic droplet proteases.
A better understanding of the identity and subcellularWolfsberg et al., 1993). In this context it is interesting to
point out that the rat sperm proteins CE9 (Petruszak et al., localization of the proteolytic activities described here will
require establishing a similar assay with a more abundant1991) and 2B1 (Jones et al., 1996) are also cleaved in the
epididymis next to a single arginine residue. When similar source of testicular sperm than guinea pig testis, such as
bovine or porcine testis. It might then be feasible to useexperiments were performed using testicular cells instead
of testicular sperm, no processing of fertilin b was observed, freshly isolated intact testicular sperm, where fertilin pro-
cessing is very slow, to test some of the possibilities out-suggesting that the fertilin b processing proteases may not
be present or active in testicular cells (data not shown). lined above. One could, for example, add soluble fractions
from enriched cytoplasmic droplets (Oko et al., 1993), orIf sperm proteases are indeed involved in fertilin pro-
cessing in vivo, they would either have to be present on soluble acrosomal contents (Arboleda and Gerton, 1987,
1988) to testicular sperm and look for the proper fertilin b-the cell surface, or gain access to the cell surface in the
epididymis. In the assay described here, sperm must be fro- processing pattern. If these sources do not yield the expected
processing pattern, one could investigate processing usingzen and thawed once to obtain ef®cient processing, al-
though a relatively slow conversion of fertilin b can also salt-washed testicular sperm plasma membranes fractions,
perhaps after an appropriate activation step, to test whetherbe seen after incubating freshly isolated intact testicular
sperm for 24 hr at 377C (data not shown). Presumably the the fertilin b convertase on testicular sperm is membrane
anchored. Alternatively, a fertilin b conversion assay mightfreeze±thaw cycle is necessary to release a protease or prote-
ases from the sperm that either can directly cleave fertilin be equally useful as a test for the effect of proteins secreted
from the epididymis (Okamura et al., 1995; Syntin et al.,or can activate a sperm surface protease that then attacks
fertilin. The three most likely sources of the protease activ- 1996) or from cultured epididymal epithelial cells (Joshi,
1985; White et al., 1982) on fertilin processing. If a sourceity observed in vitro are the cytoplasmic droplet, the acro-
some, or the sperm surface. The cytoplasmic droplet is of a candidate fertilin b convertase can thus be de®ned, it
may be possible to monitor the puri®cation of the con-found on all mammalian sperm, consists mainly of Golgi
and trans-Golgi network membrane stacks containing pro- vertase(s) using the in vitro assay, or a peptide cleavage
assay with a fertilin b cleavage-site peptide.teases (John Bergeron, personal communication) and glyco-
silation enzymes (Oko et al., 1993), and has been suggested
to play a role in sperm surface modi®cations in the epididy-
Intracellular Processing of Fertilin amis (Oko et al., 1993). During the epididymal passage, the
cytoplasmic droplet migrates backward along the sperm How is fertilin a processed? The presence of a subtilysin-
type pro-protein convertase consensus sequence (R-X-K/R-tail, and it detaches in the distal corpus epididymis. Since
the contents of the cytoplasmic droplet are therefore pre- R) (Chretien et al., 1995; Fuller et al., 1989; Seidah et al.,
1992) between the metalloprotease domain and disintegrinsumably released in the epididymis, this organelle is a good
candidate source of fertilin b-processing enzymes. domain of fertilin a, and also of ADAM 5, suggests that
in these two proteins the metalloprotease domain may beA second explanation for fertilin b conversion in vitro
would be that this is due to acrosomal serine proteases such released intracellularly. In contrast to these two proteins,
several other MDC proteins harbor a pro-protein convertaseas acrosin (Arboleda and Gerton, 1988; Arboleda and Ger-
ton, 1987), released from testicular sperm by freezing and recognition sequence between their pro-domain and their
metalloprotease domain (Black et al., 1997; KraÈtzschmar etthawing. In vivo, the acrosome is an unlikely source of
proteases with access to the sperm surface since sperm most al., 1996; Moss et al., 1997; Weskamp et al., 1996; Wolfsberg
and White, 1996; Yagami-Hiromasa et al., 1995), predictinglikely travel through the epididymis intact. If the enzymes
active in vitro fertilin b processing are indeed derived from an intracellular cleavage that removes the pro-domain, but
not the metalloprotease domain. Indeed, MDC9 is knownthe acrosome, then the conclusion to be drawn from this
study would be that epididymal proteases must exist which to be cleaved intracellularly, resulting in a membrane an-
chored metalloprotease domain (Weskamp et al., 1996).have a similar cleavage speci®city compared to acrosomal
proteases. Formally, it is also possible that a small amount When fertilin a was immunoprecipitated from cell surface
biotinylated testicular cells, only the mature, cleaved a sub-of acrosomal proteases is released in the epididymis, either
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FIG. 5. Proposed model for sequential proteolytic events in the processing of fertilin. Fertilin is made as a heterodimer in the testis
(Blobel et al., 1990), and the present study indicates that the metalloprotease domain of fertilin pro-a has most likely been removed by
the time the protein appears on the cell surface. Fertilin a is cleaved next to four arginine residues, implicating an intracellular subtilysin-
type pro-protein convertase. During epididymal maturation, fertilin pro-b is cleaved in at least two positions, yielding pro-b*, and then
mature b (Blobel et al., 1990). Epididymal processing of fertilin b can be partially mimicked by one or more serine proteases present on
testicular sperm, suggesting that these or similar serine proteases might process fertilin b in the epididymis in vivo. Involvement of serine
proteases in processing fertilin b is also consistent with the known cleavage site of mature fertilin b after a single arginine residue
(LEPVYR382f SNPVCG) (Blobel et al., 1992; Wolfsberg et al., 1993).
unit was found to be labeled, although both pro-a and ma- previously reported result, sequencing the N-terminus of
mature fertilin a in this study clearly predicts a completeture a were labeled in a lysate that was biotinylated after
lysis. Furthermore, in testicular cells a small but detectable disintegrin domain on mature sperm which is cleaved after
the pro-protein convertase consensus sequence. One im-fraction of processed fertilin a can be deglycosilated with
endo H, which suggests that fertilin a processing begins in portant implication of this result is that the disintegrin do-
main of fertilin a might also bind to an integrin on the eggor prior to the medial Golgi apparatus. Taken together,
these results suggest that the metalloprotease domain of in the same manner as has been suggested for the disintegrin
domain of fertilin b (Almeida et al., 1995; Blobel and White,fertilin a is released intracellularly, before fertilin a emerges
on the cell surface. 1992; Blobel et al., 1992; Evans et al., 1995; Myles, 1993;
Myles et al., 1994; Yuan et al., 1997). This result is alsoThe observation that fertilin a is most likely processed
intracellularly in testicular cells prompted a reevaluation consistent with a recent report that a peptide corresponding
to the predicted mouse fertilin a integrin binding sequenceof the N-terminal sequence of mature fertilin a. When fer-
tilin a was ®rst puri®ed for N-terminal sequence analysis, can inhibit mouse sperm±egg fusion (Yuan et al., 1997).
In principle, the presence of two potential integrin ligandthe results indicated that not only the metalloprotease do-
main, but also most of the disintegrin domain is lacking domains in fertilin may also have implications for signaling,
since dimerization or clustering of integrins is known toon mature sperm (Blobel et al., 1992). In contrast to this
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play a role in signal transduction (Clark et al., 1994; Miya- maturation, may allow treatment of certain types of male
infertility, and may provide targets for the development ofmoto et al., 1995, 1996). Once antibodies to the fertilin a
metalloprotease domain are available, it will be interesting speci®c protease inhibitors as male contraceptives.
to determine whether the soluble metalloprotease domain
of fertilin a is secreted from testicular cells after cleavage,
or sorted to an intracellular compartment such as the devel- ACKNOWLEDGMENTS
oping acrosome.
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